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HIGH ELECTRON MOBILITY TRANSISTOR
AND METHODS FOR MANUFACTURING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to the benefit of Taiwan

Application Serial Number 107122389 filed on Jun. 28,

2018, and the entire contents of which are hereby incorpo-
rated by reference herein 1n 1ts entirety.

BACKGROUND

Technical Field

The present application relates to a transistor, and more
particularly to a high electron mobility transistor and a
manufacturing method thereof.

Description of the Related Art

In recent years, due to the increasing demand for high
frequency and high power devices, GalN power devices such
as high electron mobility transistors (HEMTs) including
AlGaN/GaN are widely used i power supply, DC/DC
converter, DC/AC inverter and industrial applications such
as electronic product, uninterruptible power system, auto-
mobile, motor, and wind power due to their high electron
mobility, high switching speeds, and the operating charac-
teristics suitable for high-frequency, high-power and high-
temperature.

Conventional HEMT 1s typically a normally-on device.
Theretfore, the HEMT should be biased at a negative voltage

for being 1n ofi-state, which limits the application of the
HEMT.

SUMMARY

A high electron mobaility transistor, includes a substrate; a
channel layer formed on the substrate; a barrier layer formed
on the channel layer; a source electrode and a drain electrode
formed on the barrier layer; a depletion layer formed on the
barrier layer and between the source electrode and the drain
clectrode, wherein a material of the depletion layer com-
prises boron nitride or zinc oxide; and a gate electrode
formed on the depletion layer.

A method of manufacturing a high electron mobility
transistor, including: forming a channel layer; forming a
barrier layer on the channel layer; forming a depletion layer
on the barrier; forming a source electrode and a drain
clectrode on the barrier layer; and forming a gate electrode
on the depletion layer; wherein a material of the depletion
layer comprises boron nitride or zinc oxide.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1D show cross-sectional views of a HEMT in
cach manufacturing process 1n accordance with an embodi-
ment of the present application.

FIG. 2 shows a relationship between energy bands and
positions within a HEMT 1n accordance with an embodi-
ment of the present application.

FIG. 3 shows an enlarged view of an area A 1 FIG. 2.

FIG. 4 shows a relationship between hole concentration
and positions within a HEM'T 1n accordance with an embodi-
ment of the present application.
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FIG. § shows a cross-sectional view of a HEMT 1n
accordance with another embodiment of the present appli-
cation.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

In the following detailed description, for purposes of
explanation, numerous specific details and embodiments are
set forth 1n order to provide a thorough understanding of the
present disclosure. The specific elements and configurations
described 1n the following detailed description are set forth
in order to clearly describe the present disclosure. It will be
apparent, however, that the exemplary embodiments set
forth herein are used merely for the purpose of illustration,
and the inventive concept may be embodied in various forms
without being limited to those exemplary embodiments. In
addition, the drawings of different embodiments may use
like and/or corresponding numerals to denote like and/or
corresponding clements 1n order to clearly describe the
present disclosure. However, the use of like and/or corre-
sponding numerals in the drawings of different embodiments
does not suggest any correlation between different embodi-
ments. In addition, 1n this specification, expressions such as
“first material layer disposed on/over a second material
layer”, may indicate the direct contact of the first material
layer and the second material layer, or it may indicate a
non-contact state with one or more intermediate layers
between the first material layer and the second material
layer. In the above situation, the first matenial layer may not
be 1n direct contact with the second matenal layer.

In addition, 1n this specification, relative expressions are
used. For example, “under”, “on”, “lower”, “bottom”,

on
“ligher” or “top” are used to describe the position of one
clement relative to another. It should be appreciated that 1f
a device 1s flipped upside down, an element that 1s “lower”
or “under” will become an element that 1s “higher” or “on”.
Terms concerning attachments, coupling and the like, such
as “connected” and “interconnected,” refer to a relationship
wherein structures are secured or attached to one another
either directly or indirectly through intervening structures,
unless expressly described otherwise.

The stated value of the present application 1s an approxi-
mate value. When there 1s no specific description, the stated
value includes the meaning of “about” or “substantially™.
The terms “about” and “substantially” typically mean+/—
20% of the stated value, more typically +/-10% of the stated
value, more typically +/-3% of the stated value, more
typically +/-3% of the stated value, more typically +/-2% of
the stated value, more typically +/-1% of the stated value
and even more typically +/-0.5% of the stated value.

It should be understood that, although the terms first,
second, third, etc. may be used herein to describe various
clements, components, regions, layers, portions and/or sec-
tions, these elements, components, regions, layers, portions
and/or sections should not be limited by these terms. These
terms are only used to distinguish one element, component,
region, layer, portion or section from another region, layer or
section. Thus, a first element, component, region, layer,
portion or section discussed below could be termed a second
clement, component, region, layer, portion or section with-
out departing from the teachings of the present application.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. It should be appreciated that, in each
case, the term, which 1s defined 1 a commonly used
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dictionary, should be interpreted as having a meaning that
conforms to the relative skills of the present disclosure and
the background or the context of the present disclosure, and
should not be interpreted 1n an 1dealized or overly formal
manner unless so defined.

This description of the exemplary embodiments 1s
intended to be read in connection with the accompanying
drawings, which are to be considered part of the entire
written description. The drawings are not drawn to scale. In
addition, structures and devices are shown schematically 1n
order to simplily the drawing.

FIGS. 1A to 1D respectively show cross-sectional views
of a HEMT 100A during each manufacturing process in
accordance with a first embodiment of the present applica-
tion. As shown in FIG. 1A, a substrate 110 1s provided. The
material of the substrate 110 comprises semiconductor or
non-semiconductor, wherein the semiconductor comprises
silicon (S1), gallium nitride (GalN), silicon carbide (S10C),
gallium arsenide (GaAs) and the non-semiconductor com-
prises sapphire. In addition, the substrate 110 can be clas-
sified by conductivity as a conductive substrate or an insu-
lating substrate. The conductive substrate includes Si
substrate, S1C substrate, GaN substrate, GaAs substrate. The
insulating substrate includes sapphire substrate, AIN sub-
strate, or semiconductor-on-insulator (SOI) substrate. In the
present embodiment, the substrate 110 1s a S1 substrate. In
one embodiment, the substrate 110 may be a water, such as
a S1 wafer. The S1 waler 1s subsequently divided into a
plurality of HEMTs 100A after completing the fabrication
process of the HEMTs 100A on the S1 wafer.

Next, as shown 1n FIG. 1B, a bufler layer 120, a channel
layer 130 and a barrier layer 140 are sequentially formed on
the substrate 110. The bufler layer 120 1s used to reduce the
strain which 1s generated due to the difference between
thermal expansion coeflicients of the substrate 110 and the
channel layer 130 or to reduce lattice defects caused by
lattice mismatch of each other. The bufler layer 120 has a
thickness of between 0.1 um and 10 um. The bufler layer 120
can be a single layer including a single material or a
composite structure including a plurality of layers of difler-
ent materials. The matenal of the builer layer 120 1s selected
from GaN, AIN, AlGaN, AlInN, AllnGaN and a combination
thereof. For example, the bufler layer 120 1s a composite
structure composed of an AlGaN layer and a GaN layer
alternately stacked. In addition, the bufler layer 120 may be
doped with impurity such as carbon, wherein the doping
concentration of carbon may be graded or fixed depending
on the growth direction. The bufler layer 120 may further
comprise a nucleation layer (not shown) composed of a
single layer or a composite structure. For example, the
nucleation layer 1s a single layer with AIN and has a
thickness of about 50 nm to 500 nm. In another embodiment,
the nucleation layer 1s a composite structure with a low-
temperature epitaxially grown AIN sub-layer (with a thick-
ness of 40 nm) and a high-temperature epitaxially grown
AIN sub-layer (with a thickness of 150 nm) alternately
stacked.

The channel layer 130 1s formed on the bufller layer 120.
The channel layer 130 1s composed of III-V compound
semiconductor and has a first energy gap and a thickness of
50 nm to 10 um. In the present embodiment, the channel
layer 130 includes In Ga,,_ N, wherein O=x<1. As shown in
FIG. 1B, a barrier layer 140 1s formed on the channel layer
130. The thickness of the barrier layer 140 ranges from 10
nm to 50 nm. The barrier layer 140 1s composed of 11I-V
compound semiconductor and has a second energy gap. In

10

15

20

25

30

35

40

45

50

55

60

65

4

the present embodiment, the barrier layer 140 includes
Al In,Ga ., _, N, wherein 0<y<I and O=z<I.

As shown 1n FIG. 1B, a heterojunction 1s formed between
the channel layer 130 and the barrier layer 140. Spontaneous
polarization 1s induced by the channel layer 130 and the
barrier layer 140 and piezoelectric polarization 1s generated
due to different lattice constants of the channel layer 130 and
the barrier layer 140. As a result, the bandgap bends near the
heterojunction 1 the channel layer 130 and thereby a
two-dimensional electron gas (2DEG) 150 1s formed in the
channel layer 130 (shown by a broken line in FIG. 1B). The
concentration of the 2DEG 150 1s related to the thickness of
the barrier layer 140. When the thickness of the barrier layer
140 1s larger, the electron concentration of the 2DEG 150 1s
higher. In addition, the aluminum content of the barrier layer
140 also aflects the concentration of the 2DEG 150. The
higher the aluminum content of the barrier layer 140 1s (that
1s, the stronger the piezoelectric polarization of the barrier
layer 140 1s), the stronger the piezoelectric field generated
between the channel 130 and the barrier layer 140. As a
result, the electron concentration of the 2DEG 150 becomes
higher.

The bufler layer 120, the channel layer 130 and the barrier
layer 140 can be formed by chemical vapor deposition
(CVD), metal organic chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE), physical vapor
deposition (PVD), atomic layer deposition (ALD), coating,
sputtering, or other suitable deposition process.

Next, as shown in FIG. 1C, a depletion layer 160 1is
formed on the barrnier layer 140. The depletion layer 160 has
a reverse polarization eflect on the barrier layer 140, thereby
reducing or depleting the electron concentration of the
2DEG 150 1n the channel layer 130. The HEMT 100A that
1s completed 1s 1in ofl-state when no bias 1s applied thereon
and thus the HEMT 100A 1s also referred to as a normally-
offl HEMT. The thickness of the depletion layer 160 1is
between 50 nm and 100 nm. In one embodiment, the
material of the depletion layer 160 comprises a semicon-
ductor material of a single crystal I11I-V compound, such as
hexagonal boron nitride (hexagonal-BN, hBN). In another
embodiment, the material of the depletion layer 160 com-
prises a semiconductor material of a single crystal II-VI
compound, such as hexagonal zinc oxide (ZnO). If hexago-
nal ZnO 1s chosen as the material of the depletion layer 160,
the etching selectivity of the hexagonal ZnO of the depletion
layer 160 to the AlGaN material of the barrier layer 140 1s
high. Therefore, when the hexagonal ZnO 1s etched to form
a patterned depletion layer 160, the etching can be accu-
rately stopped at the barrier layer 140 to avoid over-etching.

In addition, the depletion layer 160 can be doped with
impurities, and after being activated, the impurities replace
a part of the atoms in the crystal of the depletion layer 160.
For example, the boron 1n the boron mitride or the oxygen 1n
the zinc oxide 1s replaced. Holes are produced in depletion
layer 160 such that the depletion layer 160 becomes a p-type
depletion layer. In the above hexagonal boron nitride, the
doped impurity includes one material selected from Mg, Be,
/Zn and Cd. In the above hexagonal zinc oxide, the doped
impurity includes nitrogen or phosphor. Compared with
magnesium, nitrogen or phosphor 1s more stable and 1s less
likely to diffuse into other layers under the depletion layer
160 at the high temperature environment in the subsequent
process and then affecting the characteristics of the transis-
tor. Depending on the matenal of the depletion layer 160, the
energy required for activating the impurities (1.e., activation
energy) 1s also different, thereby aflecting the hole concen-
tration 1n the depletion layer 160. Conventionally, if the
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material of the depletion layer 160 1s Al Ga,_,,N, wherein
O=x=1 and doped with Mg, the activation energy required to
activate Mg 1increases from 170 meV to 530 meV as the
aluminum content 1ncreases. The higher activation energy
indicates that activating the impurities 1n the depletion layer
160 1s more diflicult. As a result, the hole concentration 1n
the depletion layer 160 decreases 1n a certain activation
condition, thereby aflecting the depletion ability of the
depletion layer 160.

In one embodiment, 1f hexagonal boron nitride 1s chosen
as the material of the depletion layer 160, impurity such as
Mg can be doped into the depletion layer 160 and then be
activated at a temperature between 600° C. and 800° C. At
this time, the activation energy for activating Mg 1s 31 meV.
The hole concentration in the depletion layer 160 1s
increased due to the reduction of the activation energy.
Theretore, the bandgap of the barrier layer 140 can be higher
than Fermi level to reduce the electron concentration of the
2DEG 150 directly under the depletion layer 160 or to
deplete the 2DEG 150. In one embodiment, the doping
concentration of the impurity Mg is between 1x10'” atoms/
cm® to 1x10°" atoms/cm”.

Next, as shown 1n FIG. 1D, a source electrode 180 and a
drain electrode 190 are formed on the barrier layer 140.
Ohmic contacts are formed between the barrier layer 140
and both the source electrode 180 and the drain electrode
190 by an annealing process. Then, a gate electrode 170 1s
formed on the depletion layer 160 to form the HEMT 100A.
The material of the gate electrode 170 comprises one or a
plurality of layers of conductive materials such as polysili-
con, Al, Cu, T1, Ta, W, Co, Mo, tantalum nitride, nickel
silicide, cobalt silicide, titanium nitride, tungsten nitride,
TiAl, TiAIN, TaCN, TaC, TaSiN, metal alloy or other
suitable materials. Source electrode 180 and drain electrode
190 comprise one or more conductive materials, such as 11,
Al, N1, Au or a combination thereof. The gate electrode 170,
the source electrode 180 and the drain electrode 190 can be
tormed by physical vapor deposition, chemical vapor depo-
sition, atomic layer deposition, coating, sputtering or other
suitable process.

In another embodiment, a dielectric layer can be formed
between the upper surface of the barrier layer 140 and both
the source electrode 180 and the drain electrode 190 to cover
the depletion layer 160, thereby reducing leakage current on
the surface of the device and improving reliability. The
material of the dielectric layer includes an oxide such as
silicon oxide or aluminum oxide, or a nitride such as silicon
nitride. Referring to FIG. 1D, the electron concentration of
the 2DEG 1350 under the depletion layer 160 1s depleted or
disappeared due to the reverse polarization of the depletion
layer 160, so that the HEMT 100A is 1n ofl-state when no
bias 1s apphed on the gate electrode 170. To turn on the
HEMT 100A, a bias greater than a threshold voltage (Vth)
1s required.

Referring to FIGS. 2 and 3, FIG. 2 shows the relationship
between the energy levels of the conduction band 210 and
the valence band 220 and the position within the HEMT
100A 1n accordance with an embodiment of the present
application, and FIG. 3 1s an enlarged view of the area A of
FIG. 2. In the present embodiment, the bufler layer 120 has
a thickness of 0.1 the channel layer 130 has a thickness of
50 nm, the barrier layer 140 has a thickness of 18 nm and the
depletion layer 160 has a thickness of 80 nm, wherein the
depletion layer 160 includes p-type hexagonal boron nitride.
As shown 1n FIG. 2, the energy of the Fermi level 1s set to
0 eV and the position of the interface between the gate
clectrode 170 and the depletion layer 160 1s set to O nm. The
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positive direction of the horizontal axis represents the direc-
tion from the interface of the gate electrode 170 and the
depletion layer 160 toward the substrate 110. The vertical
axis represents the energy of the energy level. As shown 1n
FIG. 2, in the HEMT 100A having the depletion layer 160
with p-type hexagonal boron nitride, the energy level of the
conductive band 210 near the depth of 100 nm (1.¢. the area
B which 1s between the channel layer 130 and the barrier
layer 140) 1s about 0.4 eV to 0.7 ¢V while the energy level
of the conductive band corresponding to this region 1n a
conventional HEMT having a depletion layer with gallium
nitride 1s between 0 €V to 0.1 eV. When p-type hexagonal
boron nitride 1s selected as the material of the depletion layer
106, a higher bias Voltage 1s required to turn on the HEMT
100A, thereby increasing the threshold voltage (Vth) of the
HEMT. Consequently, a possibility of malfunction 1n the
HEMT due to external interference such as surge 1s reduced.

Furthermore, as shown in FIGS. 2 and 3, because the
depletion layer 160 of the HEMT 100A includes p-type
hexagonal boron nitride, the energy level of the valence
band 220 1s greater than Fermi level so that a two-dimen-
sional hole gas (2DHG) 1s generated 1n the barrier layer 140
near the depletion layer 106, which 1s shown by the area C
in FIG. 3. FIG. 4 shows the relationship between the hole
concentration of the HEM'T 100A and the position (or depth)
within the HEMT 100A in accordance with the above
embodiment. The positive direction of the horizontal axis
represents the direction from the interface of the gate elec-
trode 170 and the depletlon layer 160 toward the substrate
110. The vertical axis represents the hole concentration. As
shown 1n FIG. 4, when the depth 1s less than 79 nm or greater
than 82 nm, the hole concentration 1s much smaller than
10"”/cm”. However, when the depth is approximately equal
to 80 nm (that 1s, between the depletion layer 160 and the
barrier layer 140), the hole concentration is up to 3x10°°/
cm®. Consequently, even no bias applied on the HEMT
100A, a 2DHG 1s formed in the barrier layer 140 near the
depletion layer 106.

FIG. 5 1s a cross-sectional view of a HEMT 100B 1n
accordance with another embodiment of the present appli-
cation. Different from the HEMT 100A of FIG. 1D, the
barrier layer 140 of the HEMT 100B has a recess 142 at a
position corresponding to the depletion layer 160. Parts of
the depletion layer 160 or the entire depletlon layer 160 1s 1n
the recess 142. After the barrier layer 140 1s completed as
shown in FIG. 1B, an etching process 1s performed to
remove a portion of the barrier layer 140 to form the recess
142. In one embodiment, the etching process 1s a dry etching
process such as reactive 1on etching (RIE) or high density
plasma etching. The etchant of the etching process includes
halogen such as F or Cl. The etchant can be CH,F, CH,F,,
CHF,;, CF,, Cl,, BCIl; or other suitable gas. As shown 1n
FIG. §, the recess 142 1s located directly under the depletion
layer 160. Due to the recess 142, the thickness of the barrier
layer 140 directly under the depletion layer 160 can be
thinned, so that the depletion layer 160 has an enhanced
reverse polarization between the channel layer 130 and the
barrier layer 140. The electron concentration of the 2DEG
150 directly under the depletion layer 160 can be reduced or
depleted without increasing the thickness of the depletion
layer 160 to complete the high electron mobility transistor
100B.

It will be apparent to those having ordinary skill in the art
that various modifications and variations can be made to the
devices 1n accordance with the present disclosure without
departing from the scope or spirit of the disclosure. In view
of the foregoing, 1t 1s mntended that the present disclosure
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covers modifications and variations of this disclosure pro-
vided they fall within the scope of the following claims and
their equivalents.

What 1s claimed 1s:

1. A high electron mobility transistor, comprising:

a substrate;

a channel layer formed on the substrate;

a barrier layer formed on the channel layer;

a source electrode and a drain electrode formed on the
barrier layer;

a depletion layer formed on the barrier layer and between
the source electrode and the drain electrode, wherein a
material of the depletion layer comprises boron nitride
or hexagonal zinc oxide; and

a gate electrode formed on the depletion layer.

2. The high electron mobaility transistor according to claim

1, further comprising a dielectric layer formed on the barrier
layer and located between the depletion layer and both the
source electrode and the drain electrode.

3. The high electron mobility transistor according to claim

1, wherein the material of the depletion layer comprises a
single crystal structure.

4. The high electron mobaility transistor according to claim

1, wherein the boron nitride of the depletion layer comprises
hexagonal boron nitride (h-BN).

5. The high electron mobaility transistor according to claim

1, wherein the material of the depletion layer 1s doped with
impurities.

6. The high electron mobility transistor according to claim

5, wherein the material of the depletion layer comprises
boron nitride and the impurities comprise Mg, Be, Zn or Cd.

7. The high electron mobility transistor according to claim

6, wherein the impurities comprise Mg and a concentration
of Mg in the boron nitride is between 1x10'” atoms/cm” to
1x10°" atoms/cm”.
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8. The high electron mobility transistor according to claim
5, wherein the material of the hexagonal zinc oxide com-
prises the impurities selected from at least one of N and P.

9. The high electron mobility transistor according to claim
1, wherein the barrier layer comprises a recess and the
depletion layer 1s in the recess.

10. A method of manufacturing a high electron mobility
transistor, comprising:
forming a channel layer;
forming a barrier layer on the channel layer;
forming a depletion layer on the barrier;
forming a source electrode and a drain electrode on the

barrier layer; and

forming a gate electrode on the depletion layer;

wherein a material of the depletion layer comprises boron

nitride or hexagonal zinc oxide.

11. The method according to claim 10, wherein the boron
nitride of the depletion layer comprises hexagonal boron
nitride and the method further comprises doping impurities
in the hexagonal boron nitride; and

wherein the impurities comprise Mg, Be, Zn or Cd.

12. The method according to claim 11, further comprising
activating the impurities at a temperature between 600° C.
and 800° C.

13. The method according to claim 11, wherein the
impurities comprise Mg and a concentration of Mg 1n the
hexagonal boron nitride is between 1 x10"” atoms/cm’ to
1x10°" atoms/cm”.

14. The method according to claim 10, further comprising
doping impurities 1n the hexagonal zinc oxide,

wherein the impurities comprise N or P.

15. The method according to claim 10, further comprising
removing a portion of the barrier layer to form a recess in the
barrier layer; and forming the depletion layer in the recess.
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